Two enzyme immunoassays (EIA) were developed for the detection of swine transmissible gastroenteritis virus (TGEV) antigens. The 2 EIAs used the same detecting system, a monoclonal antibody conjugated to horseradish peroxidase, but used different capture systems including a monoclonal antibody (m-EIA) or a polyclonal antibody (p-EIA). The EIAs were compared with the fluorescent antibody test (FAT) and electron microscopy (EM) for the detection of TGEV in intestinal samples of experimentally inoculated gnotobiotic piglets and of conventional diarrheic pigs submitted for diagnosis.
Transmissible gastroenteritis virus (TGEV), a member of the Coronaviridae family, causes a highly contagious enteric disease of swine characterized by vomiting, severe water diarrhea, and a high mortality in piglets under 2 weeks of age. 11 The disease has been recognized as one of the major causes of sickness and death in piglets since it was reported in 1946. 4 A rapid diagnosis of TGEV is very important for the effective control of this disease.
Currently, laboratory diagnosis of TGE depends upon the detection of viral antigens in intestinal sections by fluorescent antibody test (FAT) 9, 3 and the detection of viral particles in feces or intestinal contents by electron microscopy (EM). 12 FAT is simple to perform and is most often used, but the results are somewhat subjective, and its use is limited to dead or necropsied animals. Detection by EM is specific, but its sensitivity is low, and sophisticated equipment is required. A rapid and more sensitive method is needed to diagnose TGEV infections.
Recently, the enzyme-linked immunosorbent assay (ELISA or EIA) has been applied to the detection of TGEV antigens from experimentally infected pigs. 1, 14 The objective of this study was to develop an EIA and compare it with commonly used methods (FAT and EM) for the detection of TGEV antigen in samples both from experimentally inoculated pigs and from diagnostic diarrhea cases.
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Materials and methods

Monoclonal antibody and conjugation.
A monoclonal antibody clone 5A5 a specific for TGEV peplomer protein was used. The hybridoma cells of 5A5 were propagated in Balb/c mice, b and the ascites fluid was harvested and precipitated twice with 50% saturated ammonium sulfate solution. The antibody concentration was determined according to the optical density (OD) at 280 nm in the spectrophotometer. Normal Balb/c mouse serum was subjected to the same treatment and was used as a control. Conjugation of the anti-TGEV monoclonal antibody with horseradish peroxidase (HRPO) c was performed according to methods described.* Polyclonal antibodies. Polyclonal anti-TGEV serum was raised in a sow immunized with the virulent Miller strain of TGEV. The serum had a virus neutralization (VN) titer of 2,560. The anti-TGEV antibodies were obtained by double precipitation with 38% saturated ammonium sulfate solution. The antibody concentration was determined as mentioned above for the monoclonal antibody. A negative control swine serum d (VN < 2) was processed in the same manner.
Piglets and virus inoculation. Fourteen gnotobiotic piglets
were delivered by Caesarian section from two SPF sows b (VN titer < 2) on the 112th day of gestation. The piglets were maintained in sterile conditions, kept in separate cages within each unit, and fed sterilized milk every 12 hr. At 24 hr of age, 11 piglets were orally inoculated with 5 ml of virulent TGEV Miller strain e diluted 1:60 in sterilized minimum essential medium (MEM). The other 3 piglets were used as controls and received 5 ml of sterile MEM. Beginning at 24 hr postinoculation (HPI), 2 inoculated piglets were euthanized every 12 hr (24, 36, 48, 60, 72) except that only 1 piglet was euthanized at 84 HPI. The 3 control piglets were euthanized at 24, 48, and 72 hr, respectively, after receiving MEM. At necropsy, 2-cm segments of duodenum (10 cm from the pyloric sphincter) and jejunum and ileum (100 cm and 10 cm, respectively, from the ileo-cecal junction) were taken from each piglet and frozen for FAT. Intestinal contents of each piglet were collected for EIA and EM detection.
Diagnostic samples. Diagnostic samples consisted primarily of small intestines obtained from swine diarrhea cases received at the Veterinary Diagnostic Center, University of Nebraska-Lincoln. These samples were purposely selected from 1) cases that had been already diagnosed as TGE by at least 1 laboratory test (EM or FAT) and from which samples were kept at -70 C, 2) clinical cases highly suggestive of TGE as reported by practitioners, and 3) cases with tentative diagnosis of TGE by histopathology but with negative laboratory TGEV tests (EM and FAT). A 2-cm long intestinal segment was taken from each sample for FAT, and the intestinal contents were collected for EIA and EM.
Detection of TGEV by enzyme immunoassay. For EIA, the intestinal contents were diluted 1:10 in sample diluent consisting of 0.01 M phosphate-buffered saline (PBS, pH 7.4) with 0.05% (v/v) Tween-20 f and 0.5% (w/v) bovine serum albumin (BSA). d The diluted specimens were vortexed for 2 min and then centrifuged at 4,000 x g for 20 min. The supernatant was frozen at -70 C before assaying. The indirect double antibody sandwich assay for TGEV detection was performed following reported methods 15 with modifications. Two different capture systems were used, one utilizing polyclonal antibodies (p-EIA) and the other a monoclonal antibody (m-EIA). In both EIAs, monoclonal antibody 5A5 conjugated to HRPO was used as the detection system. Optimal working concentrations of capture antibodies and conjugate dilutions were determined by checkerboard titrations. In the p-EIA, alternate rows in 96-well flat-bottom microtitration platesg were coated with 100 µ1/well of anti-TGEV polyclonal antibody (50 µg/ml) or control pig serum immunoglobulins (Igs) diluted in coating buffer (0.1 M carbonate-bicarbonate, pH 9.6). In the m-EIA, alternate rows in the plates were coated with 100 µ1 of monoclonal antibody 5A5 (10 µg/ml) or control mouse serum Igs diluted in the same coating buffer. The plates were incubated overnight at 37 C in a humdified chamber and were then washed 3 times with a washing solution (0.01 M PBS with 0.05% Tween-20, pH 7.4). The plates were then postcoated at 37 C for 3 hr with 200 µ1/well of coating buffer containing 1% BSA and 0.1% Tween-20 to block uncoated areas. After blocking, plates were washed 3 times as above, and 100 µ1/well of test sample was added. Plates were incubated for 2 hr at 37. Plates were then washed 3 times, and 100 µ1/well of the anti-TGEV monoclonal antibody conjugate diluted 1:800 in sample diluent was added. After 1 hr incubation at 37 C, the plates were washed 3 times with washing solution, and 100 µ1 of peroxidase substrate solution, h consisting of a 1:1 mixture of 2.2'-azino-di(3-ethyl-benzthiazoline sulfonate) and hydrogen peroxide, h was added to each well and incubated at room temperature (25 C) for 30 min before adding 100 µ1/well of stop solution. h The plates were read in a microplate reader g at 450 nm. A sample was considered positive when the OD value in the well coated with TGEV-specific antibody was greater than 0.1 OD units and 2 times or greater than the OD reading of the same sample in the well coated with control antibody. An additional negative control for the antigen in the EIAs consisted of sample diluent only, and a positive control for the antigen was a reference Purdue strain TGEV propagated from infected porcine fallopian tube (PFT) cell cultures diluted 1:300. Negative and positive antigen controls were included in each plate.
Blocking assay. Five TGEV-positive samples (confirmed by FAT, EM, and virus isolation) 9 were used in a blocking assay to test the specificity of EIA. The blocking antibody was swine anti-TGEV polyclonal serum. 1 Each sample was tested in duplicate wells. The procedure of blocking assay was the same as in EIA except that there was 1 more blocking step (37 C for 1 hr) before the addition of enzyme-antibody conjugate. In 1 well, 100 µ1 of undiluted blocking antibody was added; in the other well, 100 µ1 of sample diluent was added as the nonblocking control. The OD values were compared between the blocked well and the nonblocked well of each positive sample. Positive and negative antigen controls (TGEV and sample diluent) were included in the blocking test.
Detection of TGEV by fluorescent antibody test and electron microscopy. The cryostat sections were prepared from the intestinal samples and processed for FAT 10 using a FITCconjugated porcine anti-TGEV fluorescence antibody. i The EM examination of intestinal contents by negative staining was performed by the standard method?
Results
Gnotobiotic piglet inoculation
Results of the gnotobiotic piglet inoculation are summarized in Table 1 . The 3 controls and 2 TGEV-inoculated piglets (#4 and #14) enthanized at 24 HP1 did not develop diarrhea as evidenced by their colonic contents. All other inoculated piglets (killed ≥36 HPI) developed diarrhea and dehydration of differing severities. At necropsy, small intestines of the infected piglets were mildly congested, especially in portions of the jejunum and ileum. The colonic contents were watery.
Detection of TGEV from experimentally inoculated piglets
Clinical signs and detection of TGEV from the experimentally inoculated piglets by the different tests are also shown in Table 1 . Among the 11 TGEV-inoculated piglets, 81.8% (9/l 1) were TGEV-positive by p-EIA, and 72.7% (8/l 1) were positive by m-EIA. Two inoculated piglets euthanized at 24 HP1 (#4 and #14) and the 3 controls were negative by both methods.
By FAT, 81.8% (9/11) of the inoculated piglets were TGEV positive and the 3 control piglets were TGEV negative. The 2 piglets (#44 and #14) that were negative in all 3 portions of small intestines were those that were nondiarrheic. In all other inoculated piglets, fluorescence was detected in the intestinal epithelium of jejunum and ileum sections, and all sections of duodenum were negative.
Twenty-seven percent (3/11) of inoculated piglets were TGEV positive as shown by the observation of coronavirus particles. 
Detection of TGEV from samples of selected diagnostic diarrhea cases
Forty-three (86.0%) of 50 samples were TGEV-positive by p-EIA, and 30 (68.2%) of 44 samples were positive by m-EIA (Table 2 ). By FAT, 14 of 49 (28.6%) samples were positive, and 19 of 50 (38.0%) samples were positive by EM.
Agreement between the results of all the diagnostic tests for TGEV detection is summarized in Table 3 . Agreement between each 2 tests was expressed as the percentage of the number of samples positive and negative by the 2 tests versus the total number of samples detected. The percentage of agreement was 69.4% (34/49) for EM and FAT, 59.1% (26/ 44) for m-EIA and EM, 48.8% (21/43) for m-EIA and FAT, 48.0% (24/50) for p-EIA and EM, 38.8% (19/49) for p-EIA and FAT, and 59.1% (26/44) for m-EIA and p-EIA.
Specificity of the EIAs
Results of the blocking assay (data not shown) showed that an OD value reduction (≥50%) took place on all the positive samples in the wells blocked with swine anti-TGEV serum as compared with nonblocked wells. There was no color reduction in the negative antigen control.
Comparison of the different diagnostic tests in detection of TGEV
Sensitivities of the 4 detection tests were compared as the percentage of positive sample numbers versus total number of samples detected. Agreement between each 2 tests was expressed as the percentage of number of samples positive and negative by the 2 tests versus the total number of samples detected.
Discussion
The EIAs reported in this study were as sensitive as the FAT test and were substantially more sensitive than EM when used for the identification of TGEV antigen in specimens obtained from experimentally inoculated piglets. The EIAs were also specific (the 3 controls were negative by the EIAs), and the specificity was confirmed by the blocking assay, which showed the ability of specific anti-TGEV antibodies to block the signals of selected positive samples. These results are equivalent to those reported by others. 1, 14 Only 28% (3/11) of the inoculated piglets were positive by EM. The failure of EM to detect TGEV could be due to the low density of viral particles in the samples; a density of 10 5 -10 6 particles/ml is necessary for EM detection. 7 TGEV replicates in the villous enterocytes of the jejunum and ileum, and viral particles are released into the intestinal lumen following enterocytolysis. Therefore, the stage of disease is a determining factor in the quantity of viral particles.
The 2 virus-inoculated piglets euthanized at 24 HP1 were TGEV negative by all 3 tests, suggesting that the TGEV had not replicated to detectable levels. There was no diarrhea or sign of dehydration. The histologic appearance of the small intestines of these 2 piglets was normal, which is consistent with the clinical findings. In another study, TGEV was detected by EIA in the intestinal contents of piglets 18 hours following experimental inoculation. 1 The apparent delayed first detection of virus in our study may be explained by the differences in viral dosage and strain virulence.
All inoculated piglets euthanized at 236 HP1 were positive by FAT, indicating that TGEV had replicated to detectable levels in the intestinal epithelium. This also was consistent with the clinically apparent diar- rhea and dehydration. In those animals positive by 5A5 with other specific anti-TGEV peplomer mono-FAT, TGE viral antigens were detected only in the clonal antibodies in the EIA system. sections of jejunum and ileum. These findings agree
The monoclonal antibody 5A5 conjugated with with the results of the histologic studies, which showed HRPO enzyme in this study was TGEV specific and typical TGE lesions in these areas of the small intestine, sensitive. The checkerboard titration of the conjugated whereas the proximal duodenum remained normal. antibody indicated that at a 1:800 dilution 5A5 could This sparing of the proximal duodenum with principal still differentiate the wells coated with PFT-propagated involvement of the remaining small intestine is in TGEV versus those coated with noninfected PFT cell agreement with a previous report? debris (data not shown). In another study, the sensi-The EIAs were more sensitive than EM and FAT tivity of a conjugated monoclonal antibody was infefor the detection of TGEV from selected diagnostic rior to that of a conjugated polyclonal antibody? This diarrhea samples. The p-EIA was more sensitive than discrepancy can be explained by the variable suscepthe m-EIA because the polyclonal antibody coated on tibilities to the physicochemical treatments of individthe plates contains many diverse antigenic specificities ual antibody molecules. for epitopes of TGEV, thus being more efficient in In recent years, EIA has been widely used for the capturing TGEV particles. detection of enteric viral antigens, including corona-The FAT was less sensitive than EIAs and EM in viruses. [1] [2] [3] 14, 16 The results of this study show that EIA the detection of TGEV in selected diagnostic samples is comparable with FAT and EM in the detection of probably because of the heterogeneity of the samples. TGEV antigens. Provided that high-quality reagents In the experimental inoculation study, the animals were such as monoclonal antibodies are available, the EIA euthanized during a restricted time period (24-84 hours) method should be a useful adjunct in rapid diagnosis after inoculation in which most of the infected villous of TGEV. epithelial villous cells were still intact, providing optimal conditions for successful detection of viral an-Sources and manufacturers tigens by FAT. The diagnostic samples, in contrast, were obtained at necropsies or from mail-in portions of small intestines from pigs dying at a later stage of infection when most of the affected villous enterocytes had degenerated.
The m-EIA in this study was based on the use of the monoclonal antibody 5A5, which is specific for the TGEV peplomer protein. A higher specificity and sensitivity may be achieved with the use of mixtures of 
